Silicon and germanium present distinct and interesting transport properties. However, composites made of silicon-germanium (SiGe) have resulted in a breakthrough in terms of their transport properties. Currently, these alloys are used in different applications, such as microelectronic devices and integrated circuits, photovoltaic cells, and thermoelectric applications. With respect to thermoelectricity, in the last decades, Si 0.8 Ge 0.2 has attracted significant attention as an energy harvesting material, for powering space applications and other industrial applications. This chapter focuses on the recent advances and new approaches in silicon-germanium (Si 1−x Ge x ) nanostructures for thermoelectric devices with high thermoelectric efficiency obtained through magnetron sputtering.
Introduction
Several chapters of this book describe different approaches, properties, and applications of silicon and its undeniable impact on our culture, technology, and commerce. Its usefulness has made us talk about the silicon era [1] . In this chapter, we are going to focus on the use of silicon-based materials in one of the main pillars of our life nowadays: the obtainment of energy to power up all the resources in which our society is based (transport, communications, and human infrastructures in general). energies (that will not disappear in the near future as it can be seen in Figure 1b ). Certainly, thermoelectric materials and especially thin films are interesting players in this scenario. Its ability to convert waste heat into electricity regardless of the source of heat generation, stability over time, and the ability to generate electricity locally without the need for transportation are some of its many advantages.
Likewise, Figure 2 and Table 1 show some of the most outstanding historical facts and current state of the art of Si and SiGe in thermoelectric, microelectronic, and photovoltaic applications. 
Some breakthrough or historical event in SiGe
Year Refs
Microelectronics and Manufacturing
First epitaxial silicon transistors 1960 [7] First oxidation study of SiGe 1971 [8] First SiGe n-type MODFET 1986 [9] First SiGe p-type MODFET 1986 [10] First SiGe photodetector 1986 [11] First SiGe HBT (heterojunction bipolar transistor)
1987 [12] First SiGe hole RTD (resonant-tunneling diode)
1988 [13] First SiGe (BiCFET) (bipolar inversion channel FET) 1989 [14] First SiGe HBT grown by CVD (chemical vapor deposition) 1989 [15] First SiGe gate (CMOS) technology 1990 [16] First SiGe waveguide 1990 [17] First SiGe LED 1991 [18] First SiGe solar cell 1992 [19] First SiGe phototransistor 1993 [20, 21] First SiGe HBT with peak cutoff frequency above 100 GHz 1993 [22] First SiGe HBT with peak cutoff frequency above 200 GHz 2001 [23] First SiGe HBT with peak cutoff frequency above 300 GHz 2002 [7] Current Record SiGe HBT with peak cutoff frequency 500 GHz 2016 [24] Thermoelectric figure of merit SiGe radioisotope thermoelectric generators (RTGs) Mission LES 8, 9 1976 [ [25] [26] [27] [28] SiGe (RTGs) in mission Voyager 1 and 2 spacecraft 1977 [25] [26] [27] SiGe (RTGs) in mission Galileo spacecraft 1989 [25] [26] [27] 29] SiGe (RTGs) in mission Ulysses spacecraft 1990 [25] [26] [27] 29] SiGe (RTGs) in mission Cassini spacecraft 1997 [25, 26] SiGe (RTGs) in mission New Horizons spacecraft 2005 [25] [26] [27] Bulk material (zT)~ 1.3 at 1073 K 2014 [30] Historical evolution zT SiGe 2016 [31, 32] 
Thermoelectric concepts: current overview and strategies for improving the thermoelectric efficiency
The efficiency of a thermoelectric material is controlled by its figure of merit, denoted as zT. This parameter is defined as follows:
where the parameters are the following: the square of the Seebeck coefficient, α, times the electrical conductivity, σ, times the operating temperature, T (in Kelvin), divided by the thermal conductivity, κ. The thermal conductivity itself is a sum of its lattice and electronic contributions, κ L and κ e , respectively.
Most of these parameters are heavily interdependent [50] [51] [52] [53] , as it is shown in Figure 3 . If one takes into account the material properties in classical physics, large α usually results in a low σ, and a large σ increases κ e , given that these parameters depend on the carrier concentration. Therefore, the fabrication of materials with high power factor (α 2 ·σ) and low thermal conductivity (κ) necessary for obtaining a high zT is quite challenging. The energy conversion efficiency (η max ) of thermoelectric devices is determined by Eq. (2), with T H and T C being the hot and cold temperatures, respectively.
Some breakthrough or historical event in SiGe
Year Refs ☀ % Solar cell efficiency 1998 [33] 2003 [34] 2014 [35] 2015 [36, 37] 2016 [38] $ Price history photovoltaic cells in US$ per watt 2012 [39] [40] [41] 2015 [42, 43] ↓ Recent progress of the miniaturization of semiconductors Si and SiGe 1988 [44] 2000 [45] 2004 [46] 2010 [47] ↑
Number of industrial SiGe and strained
Si fabrication facilities 2000 [48] 2007 [49] As it can be seen from the definition of the figure of merit, a large value of zT can be obtained by having a high power factor (α 2 ·σ) and a low thermal conductivity (κ). In Figure 3 , there is also a scheme with some of the strategies that are being used nowadays to improve the figure of merit.
As it can be seen in Figure 3 , there are two main routes to improve the thermoelectric figure of merit, which are tailoring to improve the power factor and lowering the thermal conductivity.
In the first case, there have been different ideas proposed recently. Some of them are aimed to increase the Seebeck coefficient, such as quantum confinement in low-dimensional structures, which was first proposed by Hicks and Dresselhaus in 1993 [54] . It is based on the dependence of the Seebeck coefficient on the gradient of the density of states (DOS) with energy. Then, given that very sharp DOS would be found in quantum confined structures, the Seebeck coefficient would be greatly enhanced. Other approaches to obtain higher Seebeck coefficients are electron energy filtering [55] , which proposes the filtering of the electrons with the lowest mean energy, and resonant scattering [56] by introducing distortions into the DOS. In the case of the electrical conductivity, modulation doping has been used to improve carrier mobility [57] . Also, controlling the crystal orientation or composite engineering has shown results in this sense [58] . The main problem is that an increase in the Seebeck coefficient comes along with a decrease in electrical conductivity, as it is the case in energy filtering. Therefore, other routes to obtain both an increase in the Seebeck coefficient and electrical conductivity have been proposed, such as band engineering [59] , and electron energy filtering are nowadays under study. A recent review on all these strategies can be found in Ref. [58] .
The other mentioned route to improving the thermoelectric performance is to engineering the structure of the material to reduce lattice thermal conductivity, what is called phononics engineering [60] [61] [62] . This last approach can be understood if one takes into account that classical thermoelectric materials are usually semiconductors. Indeed, for metals, κ is dominated by free electrons, whereas in semimetals and heavily doped semiconductors, both κ L (lattice thermal conductivity) and κ e (electron thermal conductivity) play an important role in the total thermal conductivity. In particular, in the case of semiconductors, heat is conducted primarily by the acoustic phonons [51, 52, 63] . Undoubtedly, in recent years, there has been an explosion in the research and understanding of the tailoring of thermal conductivity through nanostructure fabrication [51, 52, 64] . In these cases, low thermal conductivity can be achieved by inhibiting the transport of heat through the lattice vibrations, which are called phonons. Phonons can be divided into those having low, medium, or long wavelengths. Figure 4 depicts how the nano-inclusions, defects, or vacancies significantly reduce the mean free path of the different phonons, thereby reducing the lattice thermal conductivity [64, 65] . In pure materials (non-alloys or doped), the dominant phonon scattering mechanisms go from boundary scattering to phonon-phonon Umklapp scattering with increasing temperature. Then, in order to reduce the thermal conductivity, point inhomogeneities are usually introduced, such as alloy atoms, dopants, isotope variations, rattlers, and point defects. Through these mechanisms, not only phonons, but also electrons are scattered, and thus, the κ is reduced [51, 52, 62, 66] .
In the case of nanostructure fabrication, the idea is to form structures with smaller sizes than the phonon mean free paths, but greater than the electron or hole mean free paths, given that phonons are more strongly scattered by the interfaces than are electrons or holes [67] , giving rise to phonon glass-electron crystals (PGEC). As it was said before, the lower the thermal conductivity is, the higher and longer the temperature gradient is maintained and thus more efficient the material results.
Thermoelectric properties of silicon-germanium alloys
Silicon-germanium alloys (SiGe) have played a primary role in thermoelectricity in the last decades, although its potential for thermoelectric application was first shown in the 1950s [68] [69] [70] . Less than 10 years later, in 1964, a study on how to improve silicon-rich SiGe alloys was published [71, 72] , and, the next year, they were used for the first time in a spatial mission from NASA (the SNAP-10 [71] ). From that moment onward, they have been successfully used in radioisotope thermoelectric generators (RTGs) for deep-space NASA missions. Bulk silicon-germanium nanostructures (that is, compacted nanograins) are used in the RTGs that power different spacecraft's such as Voyager 1, Voyager 2, Galileo, Ulysses, Cassini, and New
Horizons missions [25, 26, 73] . For instance, missions Voyager and Cassini spacecrafts are equipped with RTGs that use a pellet of 238 PuO 2 as the thermal energy source and SiGe as the thermoelectric conversion material. In addition to having very attractive thermoelectric and physical properties, SiGe devices can operate at temperatures up to about 1050°C without significant degradation [25, 73] . For high-temperature applications (above 600°C), SiGe alloys have a high thermoelectric efficiency and have been the type of conduction and the carrier concentration in SiGe can be controlled by doping with phosphorous (n-type) or boron (p-type). As a consequence, a total of 28 USA space missions have safely flown powered by RTGs [26, 73] . In this field, SiGe used as thermoelectric conversion material has accumulated over 250 million devices working hours in space applications (running for over 40 years in Voyager missions) without failure [25, 26, 74] .
In all these years, different studies on how to increase the efficiency of these materials, such as the use of grain-refined alloys [75, 76] , nano-inclusions [77] , SiGe superlattices fabrication [78] , and understanding how the grain size affects thermal conductivity [79] , were performed. Also, novel methods for the fabrication of SiGe, such as the chill casting method [80] , milling and sintering techniques [81] , high-energy ball milling [82] , spark plasma sintering [83, 84] , and mechanical alloying, were developed. The improvements achieved in SiGe were all related to nanostructuring the material and reducing the lattice thermal conductivity. In 2008, a theoretical work proposed that the introduction of silicide nanoparticles into the SiGe matrix would reduce drastically the thermal conductivity [85] . That is, if the grain size is smaller than the mean free path of the phonons, the total effect is a reduction in the effective mean free path and thus a reduction in the thermal conductivity. Another route studied has been the enhancement of the power factor in SiGe through the concept modulation doping [86] . In this case, a 40% power factor enhancement in Si 80 Ge 20 bulk nanocomposites has been reported, and it was a direct result of the enhanced mobility due to this modulated doping [86] . With all these advances, zT values for nanostructured bulk SiGe as high as 1.3 for n-type and 0.95 for p-type have been measured [87] [88] [89] .
Apart from these successes in the increase of thermoelectric efficiency and the space applications of SiGe, there is another outstanding property that makes SiGe appealing for many other applications, which is the possibility of integration (compatibility) in the technology of semiconductors based on silicon. This can be made through thin films fabrication of SiGe on silicon like it is done in the complementary metal-oxide semiconductors (CMOS) industry [90] . In general, thermoelectricity struggles with the lack of cheap, abundant, and environmentally friendly materials. Recent works have emphasized the importance of considering the relationship between material's price, manufacturing costs, and efficiency to consider different thermoelectric materials [91] . Silicon-germanium could overcome this deficiency by proposing high harvested power density, abundant on earth, low toxicity, and cost-efficiency. These characteristics increase the interest of SiGe among other thermoelectric materials [90, 91] .
Some strategies for reducing the thermal conductivity of silicon-germanium
The challenge of obtaining ultra-low thermal conductivities in silicon-germanium, in particular, for thermoelectric applications, is not recent. Figure 5 represents the different strategies that have been followed to fabricate nanostructures with reduced thermal conductivity in SiGe.
In the case of pure silicon and germanium, measurements in bulk, the room temperature thermal conductivities are ∼140 W K −1 m −1 [67] and ∼60 W K −1 m −1 , respectively [30] . However, SiGe alloys provide a significant reduction in thermal conductivity versus the above-mentioned values. Depending on the germanium content, values ranging from ∼20 to ∼9 W K −1 m −1 have been measured in bulk [30] . The lowest value of room temperature thermal conductivity has been achieved for a stoichiometry of Si 0.8 Ge 0.2 (∼9 W K −1 m −1 ), which is still large for thermoelectric applications. Nevertheless, an even lower value (<1 W K −1 m −1 ) has been measured for films grown by sputtering with a Si 0.8 Ge 0.2 stoichiometry [92] . The difference with the previous case is that these films were grown through metal-induced crystallization (MIC), Figure 5 . One of the strategies that has been proven to be useful in improving thermoelectric performance is to reduce dimensionality. Here, different configurations that the silicon-germanium has been fabricated at the nanometric scale to improve its thermoelectric properties are shown.
which allows the reduction of the crystallization temperature of the SiGe. With this technique, films with thermal conductivity values down to ∼1.2 W K −1 m −1 at room temperature [92, 93] have been obtained. (See Section 4 for more details.)
At the same time, the growing interest in 2D materials has also triggered the study of 2D silicene [94] , which has low thermal conductivity and high power factor. Although the thermal conductivity of silicene has not been measured experimentally due to the difficulty of synthesizing freestanding silicene (and also the complication to carry out thermal measurements in the in-plane direction), several numerical simulations have predicted a thermal conductivity of silicene at room temperature from 5 to 70 W K −1 m −1 [94] [95] [96] [97] .
Also graded Si 1−x Ge x /Si superlattice structures have been theoretically proposed and fabricated. The idea behind these structures was to demonstrate a thermal rectification effect derived from a theoretical model (the kinetic collective model), which showed that the thermal boundary resistance of a Si 1−x Ge x /Si depends on the direction of the heat flow if the structure is symmetric. The predicted effect would cause around 40% difference depending on the heat flow direction. Experimentally, these graded superlattices were fabricated via molecular beam epitaxy (MBE) on silicon substrates, and further studies on the impact of the composition, strain, or alloy inhomogeneities [98] showed that the transport properties could be engineered, obtaining values for the thermal conductivity as low as 2.2 W m −1 K −1 [99] .
Another 2D structure that has recently been developed is the fabrication of nanomeshes (nanoporous or holey silicon or SiGe membranes). These structures can be fabricated by sputtering deposition in large areas [100] , which offers the advantages of scalability and flexibility required for real applications [100] [101] [102] . Moreover, the variation of the geometry of the mesh influences its thermal conductivity [100, 102] , allowing a further control on this parameter. In particular, the thermal conductivity of the nanomeshes was reduced as the diameter of the pores became smaller, achieving values that varied from κ = 1.54 ± 0.27 W K −1 m −1 , down to the ultra-low κ = 0.55 ± 0.10 W K −1 m −1 value [100] . The latter is well below the amorphous limit, while the Seebeck coefficient and electrical conductivity of the material were retained [100] . (More details of these nanomeshed structures will be given in Section 5.)
In addition to phonon transport engineering [59, 60] , different technological strategies such as the fabrication multilayers [103] and channels with reduced dimensionality such as 1D nanotubes [104] and 1D nanowires [105] have achieved a significant reduction in the thermal conductivity. Furthermore, several authors have demonstrated that the obvious reduction in cross-plane thermal conductivity in SiGe 0D cluster-particle (quantum dots) [106] superlattices is primarily due to the increased physical roughness at the superlattice interfaces and not due to quantum confinement effects [107, 108] . Figure 6 summarizes the current state of the art for silicon-germanium in terms of thermoelectric properties. Here, the most promising materials in the form of bulk, thin films, nanomeshes, nanowires, and nanotubes are shown. It is worth noting in these figures that the results of our works, which will be explained later, namely the MIC films and the nanomeshes, are among the best-performing materials. In terms of Seebeck coefficient (see Figure 6a) , the values measured for MIC SiGe thin films are comparable to other values measured in different thin films fabricated with other techniques, while the nanomeshes present the highest Seebeck coefficients, only comparable to values measured in bulk. Nevertheless, the values of electrical conductivity (Figure 6b) are quite low, when compared to the values of bulk or nanotubes, but in the order or even better than the values given for thin films. The enhancement of the electrical conductivity within those structures is one of the improvements that are being studied nowadays.
On a whole, the power factor (presented in Figure 6c ), which takes into account the square of the Seebeck coefficient times the electrical conductivity, shows that the MIC films have power factors compared to other thin films (even higher) and the values achieved in nanomeshes are only overridden by bulk materials and nanotubes [109] (note that the black circles are theoretical calculations, not actual measurements). The last data show the thermal conductivity of different alloy compositions for different kinds of structures (Figure 6d) . Here, it is worth noting that the values measured for both MIC films and nanomeshes are well below the values measured for crystalline bulk SiGe and among the lowest ever recorded, comparable with the value of the amorphous material (which is 1 W m −1 K −1 ). 
Thin films: improvement of the thermoelectric performance through the reduction of thermal conductivity of nanocrystalline Si 0.8 Ge 0.2 films by sputtering deposition
Silicon-germanium thin films can be easily p-or n-type doped at room temperature when the material is amorphous. Nevertheless, doping is particularly difficult when the material is crystalline, given that it is usually crystallized at high temperatures. Si x Ge 1−x films grown by different techniques, such as low-pressure chemical vapor deposition (LPCVD) or sputtering, turn out to be amorphous unless the deposition itself is performed at very high temperatures [110] [111] [112] . Certainly, amorphous SiGe layers are not an option to be used as thermoelectric materials, given their low Seebeck and low electrical conductivity. Therefore, the main challenge with these Si x Ge 1−x alloys, which are to be applied in large-scale practical applications, has not yet been overcome due to the difficulties in the growth of high-quality, highly crystalline, low-cost, and appropriately doped films. On that sense, some examples that can be found in the literature obtained in our lab are compiled in this section.
Recently, metal-induced crystallization (MIC) [92, 113, 114] has proved to be an interesting alternative to reduce the crystallization temperature required for SiGe. This process is based on the growth of the films on substrates with Au [115] , Ag [116] , Al [117] , Ni [118] , Cr [119] , or Sn [120] layer. Then, an appropriate heat treatment is performed, allowing the gold from the film to migrate through the semiconductor film all the ways to the surface. This gives rise to a eutectic mixture. The Au-Si eutectic temperature occurs around 350°C, Au-Ge being at around 361°C [121] . Using this MIC technique, quite promising results have been reported recently for thin films of boron-doped Si 0.8 Ge 0.2 (n-type) grown by sputtering, resulting in films with a good power factor and a very low thermal conductivity [92] . In that work, two different approaches were followed: (i) in situ MIC (depositing the films at different controlled temperatures during the sputtering process) and (ii) ex situ MIC (deposition of the films at room temperature in the sputtering chamber and subsequently post-annealing in an external furnace under a controlled atmosphere) [92] .
The structural evolution from amorphous to crystalline as a function of the different treatment temperatures can be observed in Figure 7 through the Raman spectra, both for in situ (left hand, red color) and ex situ (right hand, blue color) MIC films for different temperatures. It can be seen that the vibration modes appear as broad bands for room temperature treatments (see Figure 7a and e), which means that the material is amorphous. Then, the peaks become narrower as the treatment temperatures increase. Moreover, the Si-Si vibrational peak shows a clear red shift for the highest temperature (500°C) of the ex situ samples (Figure 7d) . This shift may be related to the formation of silicon-rich clusters. Moreover, the relative intensities and frequencies corresponding to the main peaks present in the Raman spectra are strongly dependent on the alloy composition.
A closer look at the Si-Si peak reveals that it is, in fact, a convolution of two peaks; a very narrow peak corresponding to the Raman spectrum of crystalline silicon-rich SiGe and a broader, smaller peak corresponding to the Si-Si vibrations are typically found in Si 0.8 Ge 0.2 . This could be an indication that silicon is partially segregated in the ex situ samples. The peaks observed in the in situ samples are narrower than those of the ex situ annealed samples, which confirms the high degree of crystalline order. Furthermore, these results clearly indicate that whereas, in the in situ treatment, the crystallization starts at 300°C, the crystallization onset is lower for ex situ treatments. It is interesting to note that in the 400-500 cm −1 region, secondary modes start to appear at high temperatures. These modes might be associated with the formation of a compositional gradient due to segregation of Si and Ge, which promotes predominantly Si cluster formation. These clusters would remain embedded in the SiGe matrix when the post-annealing is performed.
Then, the structural analysis by synchrotron radiation-grazing incidence X-ray diffraction (SR-GIXRD) for samples treated at 500°C is shown in Figure 8 . In order to perform the XRD study, the gold layer was also selectively removed by potassium iodide etching. Nevertheless, gold diffraction maxima are dominant in the ex situ treated sample, which means that not all the gold was removed. This indicates that the gold, instead of migrating completely to the surface during the ex situ MIC treatment, part of it stayed, trapped inside the film. In the case of samples deposited in situ at temperatures of 500°C, the diffraction peak intensities at (111), located at 2θ=25.33° for the synchrotron radiation source, are higher than the intensities of samples treated ex situ.
The low values of thermal conductivities (1.13 and 1.23 W m −1 K −1 for in situ and ex situ thermal treated at 500°C, respectively) obtained in Ref. [92] have been associated with the formation of Si-rich SiGe and Si clusters during the gold-induced crystallization, which creates plenty of phonon scattering sites at the grain boundaries. The best power factors were achieved for samples grown at 500°C, that is, in situ MIC. The results indicate a maximum of 16 μW m −1 K −2 at 315°C, which is the best-reported value, to date, for SiGe films grown by DC sputtering with Au-MIC-similar to the state-of-the-art values available in the literature for Si-Ge bulk samples. This is due to the fact that this sample is not contaminated with gold and also that the doping has not been lost by this thermal treatment.
In the same way, these results also suggest two different mechanisms of induced crystallization dependent on the type of heat treatment (ex situ and in situ MIC). For the ex situ samples, the gold layer travels through the Si-Ge film grown at RT when heated afterward at 500°C, while in the case of in situ treatment, a eutectic is formed and the nanocrystalline Si-Ge film seems to be formed underneath. 
Nanomeshes: record low thermal conductivities in large-area nanoporous Si 0.8 Ge 0.2 for enhanced thermoelectric applications
Another recent example of a reduction in thermal conductivity by using the low-dimensional concept has been recently reported [100] . These large-area nanomeshed films were fabricated by DC sputtering of Si 0.8 Ge 0.2 on highly ordered porous alumina matrices (see Figure 9a ), in such a way that the formed Si 0.8 Ge 0.2 film replicated the porous alumina structure, resulting in the nanomeshed films shown in Figure 9b . A very good control of the nanomesh geometrical features (pore diameter, pitch, and neck) was achieved thanks to the alumina templates used, with pore diameters ranging from 294 ± 5 nm down to 31 ± 4 nm. The method developed is able to provide large areas of nanomeshes in a straightforward and reproducible way, being easily scalable for industrial applications.
Most importantly, as shown in Figure 10a , the thermal conductivity of the films was reduced as the diameter of the porous became smaller, achieving values that varied from κ = 1.54 ± 0.27 W K −1 m −1 , down to the record low κ = 0.55 ± 0.10 W K −1 m −1 value. The latter is well below the amorphous limit, while both the Seebeck coefficient and electrical conductivity of the material were maintained (see Figure 10b ).
Likewise, as in the previous case for the nanocrystalline Si 0.8 Ge 0.2 films grown by sputtering deposition, the nanomeshed SiGe films were oriented along the [111] direction, as revealed by XRD measurements (see Figure 11a ). Raman spectra showed the three characteristic vibrational modes obtained for polycrystalline SiGe (see Figure 11b ) and showed a homogenous phase in all the film.
Additionally, the chemical/surface potential of the Si 0.8 Ge 0.2 nanomeshed films was studied by Kelvin probe microscopy (KPM). Figure 12a and b shows the SEM image and the AFM surface topography of a 294 ± 5 nm porous size nanomeshed film, which presents a homogeneous profile of the surface potential (see Figure 12c ). This indicates that the work function of the films is homogeneous, confirming the homogeneity in the chemical composition obtained by Raman, and no potential drop is observed at the grain boundaries.
On the one hand, as far as the thermal conductivity is concerned, it is highly reduced when compared to bulk or thin films. This reduction is due to alloying, phonon boundary scattering on the upper/lower boundaries, and crystallite boundaries within the nanomeshes. Moreover, the measurements showed that the smaller the pore diameter is, the larger the thermal conductivity reduction in the Si 0.8 Ge 0.2 nanomesh. This can be understood as a result of the enhanced scattering on the pore boundaries, along with the higher disorder or even coherent phonon effects that could be playing a role in the nanomeshed structures, when compared to plain films. Using this approach, it is possible to control thermal transport of these films The transport properties obtained for a Si 0.8 Ge 0.2 film grown under the same conditions are also plotted for comparison (inside the rectangle on the left of each graph, corresponding to continuous thin film). This figure is adapted from Ref.
[100].
New Research on Silicon -Structure, Properties, Technology through nano-engineering. Moreover, the power factors of the nanomeshes are higher in the structures with larger pores (and larger distances between the pores), and consequently, they are found smaller in the more disordered structures, which comprise denser pore structure and smaller pore diameters.
The power factors are found to be between 65 and 455 μW K −2 m −1 , which seem to be as large as some of the last reported values for bulk Si 0.8 Ge 0.2 . This is attributed to the fact that the electrical conductivity in the nanomeshes with large interpore distance is much larger than the more dense nanomeshes, whereas the Seebeck coefficient remains almost the same [100] . while still retaining reasonable power factors, which opens the door for efficient thermoelectric applications for this alloy.
Concluding remarks and future directions
In summary, this chapter has shown how the nanostructuration of SiGe takes advantage of the reduction in the lattice thermal conductivity while maintaining the thermoelectric properties of the material, which makes the material quite competitive with others conventionally used. Moreover, the two examples of nanostructuration that have been described here in more detail, namely the sputtered MIC films and the nanomeshes present several advantages over other techniques, such as the possibility of coating large areas thanks to the sputtering process, which is also industrially scalable. Furthermore, the sputtering onto alumina templates, which gives rise to the nanomeshes, can also cover large areas, given that the aluminum oxide templates can be fabricated over large-area aluminum substrates. In the case of nanomeshes, the drastic reduction in the thermal conductivity achieved is due to alloying, phonon boundary scattering on the upper/lower boundaries, and crystallite boundaries. Therefore, this makes the method cost-effective to be scaled into the industry. Another key thing to remember is that both nanostructures (MIC films and nanomeshes) are compatible with silicon technology, opening the door to applications in electronic devices, which need to have thermal dissipation. This provides not only a novel approach to growing this kind of structures in a simple and reliable way, but also an important route toward achieving high conversion efficiency and highly scalable thermoelectric materials.
This chapter presents the most recent advancements in SiGe alloys for its use as efficient thermoelectric material. To this end, it is important to understand the mechanisms that govern the thermal conductivity, in order to engineer the material to reduce it as much as possible without affecting other thermoelectric properties. The thriving expansion of new capabilities of 1D and two-dimensional SiGe has progressed rapidly during the last few years. Although most of the two-dimensional materials have a simple honeycomb lattice structure, understanding the phonon transport mechanism in such atomic thin SiGe seems not an easy task. It is obviously important to recognize that no single technology can meet the world's energy needs in the twenty-first century; one needs a combination of many technologies in which the thermoelectric materials can undoutebtedly play a role. Further, these large-area films or nanomeshes provide a novel approach to growing nanostructured thermoelectric materials in a simple and reliable way.
